The quartz-crystal microbalance (QCM) technique was applied to investigate the interaction of tea catechins with lipid bilayers. The association constants obtained from the frequency changes of QCM revealed that (À)epicatechin gallate and (À)epigallocatechin gallate interacted with 1,2-dimyristoyl-sn-glycero-3-phosphocholine ca. 1000 times more strongly than (À)epicatechin and (À)epigallocatechin. The results exhibited good correlation with the strength of biological activity.
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Catechins are the major polyphenolic compounds in green tea. A green tea infusion contains a large amount of cis-type catechins based on the configuration at the C2 and C3 atoms on the C-ring. They are known to possess a variety of biological activities, such as antioxidative, [1] [2] [3] [4] antimutagenic, 5) antibacterial, [6] [7] [8] and antitumorigenic effects. 9) On the assumption that catechins firstly should undergo the molecular interaction with the cell membrane to exert their biological activities, we have already quantitatively investigated their amount incorporated into liposomes as a model biomembrane by HPLC [10] [11] [12] [13] [14] and estimated the conformation of catechins in the lipid bilayers by NMR spectroscopy. 15, 16) Among the catechins, good correlation between the biological activity and the amount of compounds incorporated into the lipid bilayer has been shown. For example, the amount of the galloyl-type catechins, (À)epicatechin gallate (ECg) and (À)epigallocatechin gallate (EGCg), incorporated into liposomes was larger than the amount of (À)epicatechin (EC) and (À)epigallocatechin (EGC) possessing no galloyl moiety. 10, 11) Quantitative studies have also revealed that the salt concentration in an aqueous medium, the electrical charge of the lipid bilayer, and the coexistence of other catechins also affected the interaction between the catechins and lipid bilayers. 13) In this present study, we report a quantitative kinetic investigation of the interaction between catechins and lipid bilayers immobilized on a 27-MHz quartz-crystal microbalance (QCM). The 27-MHz QCM 17) is a very sensitive mass-measuring device, and the resonance frequency has been shown to decrease linearly with increasing mass on the QCM electrode at a nanogram level. 18) QCM has been successfully employed to quantitatively analyze the interaction between transcription proteins/peptides and DNA 17, 19) and enzyme reactions 20, 21) in an aqueous solution. The interaction of bioactive compounds with a lipid-coated QCM have been also investigated. 22, 23) An Affinix Q4 instrument (Ulvac, Chigasaki, Japan) was used as the QCM. Cells (500 ml) having an AT-cut quartz crystal plate, on each site of which was deposited a gold electrode at the bottom, were used with a stirring bar. When an AC voltage at a specific frequency is applied, a resonant oscillation is generated due to the piezoelectric effect of the crystal, and the changed mass by adsorbed or dissociated material on the crystal oscillator surface causes a frequency change of the resonant oscillator. Sauerbrey's equation (1) was applied to calculate the mass of the adsorbed molecules:
where ÁF is the measured frequency change (Hz), F 0 the fundamental frequency of the QCM (27 Â 10 6 Hz), Ám the mass change (g), A the electrode area (4: 
where Ám and Ám max are the binding amount at concentration B and the maximum binding amount, respectively. The host molecule, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC; Avanti Polar Lipids, Alabaster, USA), was immobilized on the QCM cells by reported procedure: [24] [25] [26] [27] DMPC in a chloroform/ethanol solution (4:1 w/w) at the concentration of 1 mg/ml was applied to the gold electrode of the QCM plate. After being dried in air for over 3 h, the DMPC multilayer-immobilized QCM plate was soaked in 500 ml phosphate-buffered saline (PBS, pH 7.4) and kept at 35 C for 1 h to stimulate and mature the multilayer formation. After cooling to 25 C, the frequency change was recorded until reaching equilibrium. All measurements were taken at 25 C. The cis-type catechins (EC, EGC, ECg and EGCg) kindly provided by Mitsui Norin Co. (Shizuoka, Japan) were prepared in the PBS buffer. Injection of each catechin as a guest molecule into the cell caused a frequency change, indicating interaction between the catechin and the DMPC multilayer. After the resonant frequency had reached a steady state, the injection of the catechin solution was repeated (Fig. 1) . Data are from one representative experiment of at least three performed. The change decrease in frequency (mass increase) was plotted against the concentration of the catechin solution in the cell (Fig. 2) and Ka values were obtained with Eq. 4 by non-linear least-squares fitting with the Levenberg-Marquardt algorithm by using Kaleida Graph Ò (Synergy Software). Each experiment Table 1 . Data are from one representative experiment of at least three performed.
was conducted at least three times to confirm the reproducibility of Ka value (See Table 1 ).
The Ka values thus obtained for the four catechins are summarized in Table 1 . This reveals that the affinity of ECg to the DMPC lipid bilayers was similar to that of EGCg. ECg and EGCg showed ca. 1000 times stronger affinity to the DMPC bilayers than EC or EGC. A significant difference (t-certification P < 0:01) was obtained for EC and EGC, indicating that EC had slightly stronger affinity to the lipid bilayers than that of EGC. The results clearly demonstrate that the affinity of catechins possessing the galloyl group for the DMPC bilayer was higher than those without the galloyl group, because the hydrophobicity of the molecule was increased by the galloyl moiety. A previous report has shown that the hydrophobicity of the catechins obtained for a 1-octanol/PBS binary liquid was increased drastically by the presence of the galloyl group and by fewer numbers of the OH groups on the B-ring. 10) The results in the present study are also in good agreement with the order of the amounts of catechins incorporated into the liposome formed with egg PC: ECg > EGCg ) EC > EGC.
10) It could be interesting to determine the interaction between a model membrane and such a water-soluble compound as pyrogallol, 3,4,5-tryhydroxyl-benzoic acid, or some catechin derivatives. The order of the antimicrobial activities of various tea catechins, which would plausibly be directly related to the interaction with the biomembrane, was as follows: inactivation activity against human type-A influenza virus, ECg > EGCg ) EGC; 28) antibacterial activity against Clostridium botulinum, EGCg > ECg > EGC > EC, 29) antibacterial activity against Helicobactor Pylori, EGCg > ECg > EGC > EC, 6) and antibacterial activity against Escherichia coli K12, EGCg ) EC $ EGC. 7) These results indicate that the activities of ECg and EGCg were always higher than those of EC and EGC. This is in good agreement with the order of the Ka values, although the biological activities did not always show the 1000-times difference among ECg/EGCg and EC/EGC demonstrated here with the immobilized lipid bilayer. It should be emphasized that, for the first time, the affinity of catechins to the lipid bilayers was demonstrated by Ka values measured with a QCM. Naringenin, a flavanone found in citrus, showed dissociation constant Kd ¼ 24:2 AE 2:8 (SE) mM (Ka: 4:13 Â 10 4 M À1 ) obtained at pH 7.3 for egg phosphatidylcholine vesicles by spectrophotometric titration. 30) Phloretin is known to be adsorbed to the surface of a lipid bilayer to affect the electrical properties and permeability of the membrane, and it gave 7:8 AE 2:8 mM (Ka: 1:28 Â 10 5 M À1 ) with the same system as that used for naringenin. 30) Without considering the differences in the experimental systems, EC and EGC showed smaller and ECg and EGCg gave larger Ka values to the lipid bilayers than those of naringenin/phloretin. The difference in binding affinity among naringenin, phloretin and catechins may reflect the lipid solubility and possible location in the lipid bilayers. Bovine lactoferricin is an antimicrobial peptide having 25 amino acid residues and recorded Ka in the order of 10 7 M À1 for a DMPC/ dimyristoylphosphatidylglycerol (DMPG) bilayer system. 23) As contained in a tea infusion, tea catechins are rare plant polyphenols which are soluble in water, and those having low affinity to a lipid bilayer such as EGC also yielded a Ka value due to the high sensitivity of QCM. It has been demonstrated here that QCM can be applied to determine the interaction between food components and biological materials such as a lipid membrane and proteins. 
